Antarctic psychrophilic and psychrotrophic bacteria constitute a very useful model system to study the mechanisms of cold adaptation (Ray et al., 1998; Shivaj i and Ray, 1995; Feller et al., 1996; Russell, 1998) . One of the major interests in the area of cold adaptation lies in understanding how the Antarctic psychrotrophic bacteria which grow in a temperature range of 0 -30°C, sense environmental temperatures and how the sensing process is coupled to the transcription apparatus of the bacteria. Bacteria in general use a 'two-component' regulatory system consisting of the sensor kinases and response regulators for sensing environmental cues (Stock et al., 1989; Bourret et al., 1991; Parkinson, 1993) . The attempts to identify a protein phosphorylation based temperature signalling system in the Antarctic bacteria led to the identification of some specific membrane proteins which are differentially phosphorylated at low and high temperatures in the Antarctic psychrotrophic bacterium Pseudomonas syringae (Ray et al., 1994b ) . During this study, a cytoplasmic 66 kDa protein was also identified which was phosphorylated on tyrosine residue (Ray et al., 1994c) . The phosphorylation of the protein increased in the presence of a membrane fraction at higher temperatures (22-30°C) in vitro. The significance of this observation, however, was not clear. Therefore, it was of interest to study the biochemical properties of the protein tyrosine kinase, which is present in the cytoplasm of P. syringae with a view to, obtain a clue to the nature of the enzyme in this nonpathogenic prokaryotic organism.
MATERIALS AND METHODS

2.1 Bacterial strains and growth conditions
The Antarctic psychrotrophic bacterium Pseudomonas syringae Lz4W which grew optimally at 22°C was isolated, identified and maintained as reported earlier (Shivaji et al., 1989) . Routinely, the culture was grown on ABM (Antarctic bacterial medium, which contains peptone, 0.5%, w/v, and yeast extract, 0.2%, w/v) at room temperature (22°C), or at cold temperature ( 4 °C) when needed. 
2 Isolation of bacterial cytosolic proteins
The bacterial cytosolic extract was prepared as described earlier (Ray et al., 1994c) following a method similar to Schnaitman (Schnaitman, 1971) . Briefly, the cells were treated with lysozyme (60 j...lg mi-l) in a membrane buffer (10 mM Tris, pH 8.0, 0.75 M sucrose, 2 mM EDT A and 1 1-LM PMSF) and sonicated for 2 minutes in a Branson sonifier. The unbroken cells were separated by centrifugation at 8000 rpm for 1 0 minutes in a Sorvall centrifuge. The total protein was separated into membrane fraction and cytosolic fraction by ultra centrifugation at 30,000 rpm for 2h at 4°C in a TL-100 tabletop ultracentrifuge (Beckman). The supernatant was used as the cytosolic fraction in this study. For some of the experiments, the cytosolic fraction was subjected to further ammonium sulfate fractionation. The 80-100% ammonium sulfate fraction was enriched with the tyrosine kinase activity.
3 Assay of protein tyrosine kinase activity
The cytoplasmic Ptk activity was assayed by usmg two different methods, vtz, radioactive assay using [y-32 P]ATP and a non-radioactive ELISA based assay usmg antiphosphotyrosine antibody.
3.1 Radioactive assay for Ptk
The radioactive assay for Ptk was carried out in vitro using the cytosolic fraction as described earlier (Ray et a!., 1994) . Briefly, 40-50 j...lg of the cytosolic proteins were incubated in presence of[y-32 P]ATP (10 j...LCi, 3000 Ci mmoi-1) in lOmM Tris/HCl (pH 7.5) and 5mM MgCl2
for 10 minutes at oo or 22°C. After 10 minutes of incubation an equal volume of 2X sample buffer was added, boiled for 2 minutes, cooled and analysed on a SDS-polyacrylamide gel (Laemmli, 1970) . The phosphorylated proteins were visualised either by autoradiography or by using a phosphorimager (Molecular Dynamics). For quantification, the autoradiograms were scanned by a densitometer (Molecular Dynamics), and the phosphorimages were analysed by software provided with the phosphorimager. It is to be noted that the values obtained by either 35 methods were compatible, and m general, proportionate to the amount of radioactivity incorporated in the bands.
For substrate kinetics assay using ATP, 50 J..tg of cytosolic proteins were incubated along with varying concentrations of cold ATP containing 1 0 J.!Ci of [ y_3 2 P]ATP for 10 minutes at 30"C. The amount of radioactivity in the tyrosine phosphorylated 66 kDa protein were quantitated by the ImageQuant software of the FUll Film phosphorimager, following separation ofthe proteins on SDS-PAGE as described above.
Non-Radioactive assay for Ptk
The ELISA based Ptk activity in the cytosolic fraction was measured by a nonradioactive tyrosine kinase assay-kit (Boehringer Mannheim) following the supplier's protocol. Two biotin labelled substrates, PKS 1 (Biotin-KVEKIGEGTYGVVYK-amide) corresponding to the amino acids 6 -20 of the cell division kinase p34cdc2 (Cheng et al., 1992) , and PKS2 corresponding to amino acid sequence 1 -17 of gastrin (Biotin-EGPWLEEEEEAYGWMDF-amide) (Baldwin et al., 1983) were used in the experiments. Briefly, 10 pmol of the biotin labelled substrates were incubated in the presence of cytosolic extract ( 40 to 100 J..tg of protein) and ATP (I mM). The reactions were carried out at 30°C for 30 minutes. The peptide substrates (PKS 1 and PKS2) which were phosphorylated by the Ptk in cell extracts were immobilised in the streptavidincoated wells of a microtitre plate and detected by peroxidase conjugated antiphosphotyrosine antibody. The colour, which develops due to the antigen-antibody complex and a peroxidase substrate (provided with the kit), is measured spectrophotometrically at 405 nm (reference wave length 490 nm) on an ELISA plate reader (Molecular Devices). The calculation was based on the difference of the absorbance at 405 and 490 nm, as specified by the supplier's protocol. Specific activity of the enzyme was expressed as pmol of phosphotyrosine minute-1 (mg of protein)-1.
Western blot analysis
For Western blot analysis the in vitro phosphorylated proteins were separated by SDS-PAGE and were transferred onto a immobilon-P membrane (Millipore Corp., Bedford, MA) by semi-dry transfer method (Kyhse-Anderson, 1984) . The proteins were probed with monoclonal anti phosphotyrosine (Ab-1) (Oncogene Science Inc., Manhasset, NY) and detected by alkaline phosphatase conjugated anti-mouse second antibody (Sambrook et al., 1989) .
Phosphoamino acid analysis by thin layer chromatography (TLC)
The TLC analysis of phospho amino acids was carried out as described by Munoz and Marshall (1990) . Briefly, the cytosolic proteins were phosphorylated in vitro in presence of [y-32P]ATP and separated on a 10% SDS-PAGE. The SDS-PAGE separated proteins were transferred onto a PVDF membrane, and the membrane containing 32 P-labelled 66 kDa protein was excised out after identification of the protein by autoradiography. The PVDF immobilised 66 kDa protein was then subjected to acid hydrolysis and the hydrolysate was analysed on a TLC
(silica gel coated aluminium sheets; Merck) using the solvent containing 70:30 (v/v) ethanol:
ammonium hydroxide. The labelled phosphoamino acid on the TLC plate were detected by autoradiography. The standard phosphoamino acids (e.g., P-serine, P-threonine, P-tyrosine) were detected by ninhydrin spray (Munoz and Marshall, 1990) .
6 Acid and alkali stability
The pH stability of the phosphate group attached to the amino acid was determined as described by Mukai et al. (1990) . For this, the cytosolic proteins were subjected to in vitro buffer and separated on a 10% SDS PAGE. The autoradiograms of the poly-acrylamide gels proteins were analysed to monitor stability of the phosphate group attached to the protein.
7 Inhibitors and metal ions used in the Ptk activity assay
Following inhibitors were used for their effects on the Ptk activity of P. syringae: 
8 Other analytical methods
Proteins were measured by a modified method of Lowry's procedure (Markwell et al., 1978) . The SDS-PAGE analysis of proteins was carried out by the method of Laemmli (1970). Low molecular weight marker, Pharmacia) were used to estimate the molecular mass of proteins on SDS-PAGE.
RESULTS
Cytosolic protein tyrosine kinase (Ptk) activity of P syringae.
The cytosolic extract of the P. syringae cells when incubated in presence of [y-32 P]ATP
showed the presence of a phosphorylated 66 kDa protein (Fig 2.1) . The phosphate on 66 kDa
protein was stable at all the three pH values, viz., acidic, neutral and alkaline conditions. The 66 kDa protein was probably phosphorylated on tyrosine residue as indicated by the acid and alkali stability of the phosphate group. Earlier study had already indicated that the 66 kDa protein was The phosphate attached to the 66 kDa protein is stable at all the three pH values, suggesting phosphorylation on tyrosine residue.
recognised by monoclonal anti-phospho tyrosine antibody (Ray eta/., 1994c aminoacids of the cell division kinase (p34cdc2) was phosphorylated by the cytoplasmic fraction of P. syringae to a modest degree in a concentration dependent manner, and the apparent Km for PKS 1 was 10 !J,M ( Fig. 2. 2). The substrate PKS 2 corresponding to the amino acids 1 -17 of gastrin (Baldwin et a!., 1983) also could be phosphorylated by the kinase but to a lesser extent.
The PKS2 phosphorylation using cytosolic extract showed a specific activity of 1. 13 pmol of phosphotyrosine per minute per mg of protein as compared to the 1.6 pmol of phosphotyrosine per minute per mg of protein observed for the substrate PKS 1. The cause for this substrate discrimination could not be ascertained in this study.
Nucleotide specificity of the Ptkfrom P. syringae
The nucleotide specificity of the Ptk from thereby suggesting that the 66 kDa phosphorylation was due to kinase mediated reaction and not due to adenylation.
In order to study the affinity of ATP towards the Ptk of P. syringae, the phosphorylation of the 66 kDa protein was carried out in presence of increasing concentrations of ATP. The study revealed that the Ptk activity increases in an ATP concentration dependent manner (Fig 2.3) .
Thus the 66 kDa kinase could utilise ATP as a co-substrate, showing Michaelis-Menton kinetics with an apparent Km for ATP as 0.9 j.lM.
3. 4 Inhibitors of the protein tyrosine kinase of P. syringae
To examine the nature of similarities and dissimilarities between the protein tyrosine kinases of P. syringae and higher organisms various inhibitors of the eukaryotic Ptks and Ptpase were employed for their effects on tyrosine phosphorylation of the cytoplasmic 66 kDa protein and the peptide substrate PKS 1. It was observed that the known inhibitors of eukaryotic kinases, such as genistein, staurosporine and dimethyl amino purine (DMAP) did not affect the kinase activity of the cytoplasmic fraction of P. syringae as judged by the ability of the cytoplasmic fraction to phosphorylate the endogenous 66 kDa protein (Fig. 2.4) . Similar inhibitory effects were also observed with the semipurified Ptk-enriched ammonium sulphate fractions (Fig 2.5 ).
All the above inhibitors have a common feature that they are known to compete with ATP for the nucleotide binding site of the tyrosine kinases (Akiyama et al., 1987) . In contrast to these inhibitors, piceatannol, which inhibits Ptk competitively by binding to the protein-substrate binding site of the enzyme, could inhibit the tyrosine kinase activity of P. syringae (Fig. 2.6 ).
The half inhibitory concentration (IC5o) was found to be 150 j.lM which is much higher than the value ( ~ 15 1-!M) observed for eukaryotic enzymes (Geahlen and McLaughlin, 1989) .
The kinase activity of P. S)lringae was also surprisingly found to be inhibited by sodium orthovanadate, a known inhibitor of eukaryotic protein tyrosine phosphatase (Ptpase) (Gordon, 1991; Huyer et al., 1997) . The half inhibitory concentration (IC5o) ofvanadate was 20 1-!M when the peptide substrate PKS 1 was used in the ELISA based method (Fig 2.7a) . However, the IC5o value for phosphorylation of the cytoplasmic 66 kDa protein was found to be ~ 3. 5 ~J,M (Fig   2. 7b ) , lesser than the value obtained for phosphorylation of the exogenous substrate PKS 1. This difference could either be due to the use of two different methods for assay, or due to the difference in the nature of substrates. Among the other inhibitors which were tested (Fig.2.4) , sodium fluoride was found to inhibit the phosphorylation of the 66 kDa protein but okadaic acid did not inhibit the Ptk activity. The NaF inhibited the phosphorylation of most of the cytosolic proteins, the reason ofwhich is not clear as yet.
Effect of divalent cations on the Ptk activity of P. syringae
The tyrosine phosphorylation of the 66 kDa protein was found to be dependent on the divalent cation Mg2+, and optimal phosphorylation was observed at 5 mM concentration (Fig   2. 8) . The other divalent cations which were tested are ca2+ and Mn2+, both of which were also effective at 5 mM. At a higher concentration of the above divalent cations the phosphorylation of the 66 kDa protein dropped, but a new 62 kDa protein was phosphorylated in the cytoplasm. The nature of this protein is not known. A protein of similar molecular mass was earlier found to be phosphorylated more at lower temperature (4°C) in presence of a membrane fraction (Ray et al., 1994) . A new 20 kDa protein was noticed to be phosphorylated in the presence of ca2+ in cytosolic fraction (Fig. 2.8) . A study on the phosphorylation of the newly identified 20 kDa protein has been presented in Chapter 4.
6
Pur~fication of cytosolic Ptk of P. syringae
An attempt was made to purify Ptk from the cytosolic extract of P. syringae. The initial ammonium sulphate fractionation demonstrated that the 66 kDa phosphorylation activity is increased in the 60-100% salt precipitated fraction (Fig 2. 9) . The subsequent gel filtration step on Sephadex G-1 00 column showed the presence of a peak (B) in the region of 110 to 13 0 ml eluent wherein the 66 kDa kinase activity was high (Fig 2.10) . Two other peaks (labelled as A and Bin The cytosolic extract was subjected to ammonium sulphate fractionation at concentrations of 0-20%, 20-40%, 40-60%, 60-80% and 80-100% saturation of ammonium sulphate respectively.
After dialysis the protein fractions (equal amount) were subjected to radioactive in vitro kinase assay and the proteins were separated on a 10% SDS-PAGE and analysed by autoradiography.
The autoradiogram shows that the 66 kDa protein kinase is enriched in 60-80% and 80-100% ammonium sulphate fractions. The molecular mass of the phosphorylated proteins have been indicated. Fig. 2. 9 ) also had a high activity of 66 kDa phosphorylation. However, the fractions from the peak B of the eluent were only pooled for further purification, since these fractions contained a negligible amount of phosphatase activity. When the pooled proteins (from peak B) was further purified by DEAE-cellulose chromatography no fraction was observed to contain the 66 kDa phosphorylation activity. Either the fractions following DEAE-cellulose lost the Ptk activity or, that the 66 kDa substrate was separated from the kinase containing fractions.
DISCUSSION
The study reported here was undertaken to investigate the biochemical similarities and differences between the Ptks of P. syringae and higher animals where the enzyme has undergone wide diversification, both structurally and functionally (Suga et al., 1997 (South et al., 1994) . In a recent study, however, a purified membrane associated Ptk of Acinetobacter johnsonii has been shown to be incapable of phosphorylating synthetic poly(Glu 4 :Tyr 1 ) or angiotensin II as substrates (Grangeasse eta!., 1997 (Grangeasse eta!., , 1999 . The enzyme from the pathogenic bacterium A. johnsonii was also not inhibited by genistein, similar to the enzyme of P. syringae. The ATP binding site of the bacterial Ptk from A. johnsonii was studied using nucleotide analog 5'-p-fluorosulfonylbenzoyl adenosine and it was found to be different from the site that is generally used by eukaryotic protein kinases (Doublet eta!., 1999) .
The ATP binding site had amino acid sequences that closely resemble the Walker motifs A and B. Thus the mechanism involved in prokaryotic tyrosine phosphorylation is likely to be different.
All these studies indicate that there might be a degree of similarity and divergence among the prokaryotic protein tyrosine kinases, which could be related to their specific biochemical properties.
The prokaryotic Ptks are also functionally divergent which is apparent from the location of the enzymes and their cellular substrates. For example, the Ptk from P. aeruginosa, which was located in the cell envelope, could phosphorylate the flagellar filament protein (KellyWintenberg et a!., 1993). The Ptk activities of A. johnsonii and P. solanacearum were also associated with cell membrane (Atkinson et al., 1992) . The deduced amino acid sequence of the gene for Ptk of A. johnsonii (Grangeasse et al., 1997) exhibited only stretches of amino acids and individual amino acids at invariant positions which are generally considered conserved for the eukaryotic protein kinase family (Hanks, and Quinn, 1991) . Interestingly, however, the overall similarity of the enzyme lies within two bacterial proteins, EpsB of the phytopathogen P.
solanacearum and ExoP of the plant symbiont Rhizobium meliloti. Both these proteins are involved in the production and transport of exopolysaccharides (Becker et al., 199 5; Atkinson et al., 1992) . In Nostoc commune UTEX584, the 85 kDa tyrosine phosphorylated protein is observed only in cells grown in media enriched in nitrogen (Potts et al., 1993) . In Myxococcus xanthus, a multicellular prokaryote, the tyrosine phosphorylated proteins are developmentally regulated (Frasch and Dworkin, 1996) . Recently, a Ptk (NCBI Ace. No. AFO 83422) from
Caulobacter crescentus has been characterised, which regulates the cell cycle regulating protein CtrA in the bacterium. This Ptk, interestingly, has a sequence homology with the bacterial histidine kinases, but contain the active tyrosine residue in place of histidine of the 'H' domain of the sensory kinases (Wu et al., 1999) .
In conclusion, it appears that the cytosolic Ptk of P. syringae has some features common to eukaryotic Ptks, such as its ability to recognise eukaryotic peptide substrates (PKS 1 and PKS
